
Extremely Durable and Low-Cost Concrete: 

Ultralow Binder Content and Ultrahigh Tensile Ductility
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Co-PI: Mo Li, UC Irvine 

• Using advanced binder to drastically improve the concrete durability

• Using compaction to simplify mixing and to largely reduce the binder 

content (much reduced cost, enhanced strength and ductility, reduced 

carbon emission, etc.)

Total Project Cost: $1.3M

Length 30 mo.

Project Vision
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• 0.5~2% microfibers drastically 

improve the concrete durability

• Compaction (15~20 MPa) to

➢Simplify the premixing 

process

➢Greatly reduces the binder 

content to only ~15% 

(reduced cost & carbon 

emission)

➢Further improve the ductility 

and strength 
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volume.” This is due to the long service life of concrete infrastructure and the typical frequent 
maintenance and repair events during its life cycle. While replacing OPC with waste materials has 

environmental benefits, achieving overall infrastructure sustainability demands a more holistic 

approach. The search for a truly sustainable concrete material continues.  

2.2 Geopolymers: advantages and limitations 

Geopolymers are amorphous to semi-crystalline three-dimensional silico-aluminate materials, formed 

by condensation of aluminosilicates and silicates obtained from natural minerals or industrial wastes (Fig. 

3). Many inexpensive earth-abundant minerals and industrial wastes can form geopolymers; this diversity 
enables a large palette of suitable ingredients to be 

selected to achieve specific properties, offering a 

variety of possibilities for material design. 
Geopolymers have emerged as a possible alternative 

to OPC due to their similar mechanical properties. 

Chemically, geopolymers are made up of inorganic 
structures with the general formula Mn[-(SiO2)z-Al-
O]n·wH2O, where M is an alkali element, n is the 

degree of polymerization, z is a value between 1 and 

3 (depending on the chemistry of the initial reactants), 
and w is the degree of hydration, which depends on 

both the type of activator used as well as the 

activator/reactant ratio 
[19]

.  

A geopolymer is an inorganic polymer because it is a 
macromolecule with definite size and molecular 

weight. These two key values are established by 

complementary physical methods working within the 
solid state (electron microscopy) or in solution (light-

scattering) 
[20]

. The microstructure of fully reacted K-

poly(sialate-siloxo) type geopolymers was investigated 

with transmission electron microscope (TEM) 
[21]

. They 
consist of nanoparticulates ranging from 5 to 15 nm, 

separated by nanopores on the order of 3 to 10 nm. A 
nanoporous, sponge-like microstructure characteristic 
of a fully reacted region of geopolymer is observed. TEM/EDS analyses of these fully reacted regions 

indicate that the microchemistry frequently observed corresponds to a Si:Al ratio of 2:1, that is 

poly(sialate-siloxo). The nanosized microstructure remains stable at temperatures as high as 1000 °C. No 

sintering or “grain growth” is observed, and the fully reacted regions are still amorphous. The 
nanoparticulates represent a characteristic feature of the geopolymer matrix and their dimensions 

suggest the presence of a macromolecule of definite size, i.e., definite molecular weight. More recently, 

Sindhunata et al (2005) 
[23]

 studied the microstructure of fly ash-based geopolymer matrix and found it 

resembles aluminosilicate particulates of 5-20 nm dimension, which are connected and form nano-
channels and pores, as reported by Kriven et al. (2003) 

[21]
 for K-poly(sialate-siloxo) geopolymer. Bridging 

between polymer science and ceramics, geopolymers have generated wide scientific interest and broad 
development of applications. One is the need to achieve fire resistance and thermal stability that cannot 
be covered by organic materials 

[23,24]
. The other is driven by its low cost and low environmental impact. If 

replacing Portland cement, the most heavily used man-made material, geopolymer production per tonne 

only consumes 29% as much energy 
[25] 

and generates 18% as much CO2 
[26,27]

. Originally developed as 

fire-proof materials in France in the 1970s, geopolymers are currently commercially available in Australia 
[28-30]

.  

While much academic progress has been made, the market adaptation of geopolymers has been 
slowed mainly by lack of long-term performance data. The inherent brittleness of geopolymers (fracture 

energy on the order of 0.1 kJ/m
2
) limits durability in the same way brittleness limits the durability of OPC-

based concrete. During the service life of concrete infrastructure cracking is inevitable, and can be the 

result of one or a combination of factors such as restrained shrinkage, thermal effect, fatigue, stress 
concentration, and embedded steel corrosion 

[31-37]
. Cracking can cause loss in material mechanical 

Figure 3. Chemistry of (a) cement hydration, (b) 
geopolymer and (c) organic polymer  

(a) Cement hydration 

(b) Geopolymer 

(c) Organic polymer 
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Project Objectives

‣ Q4: Proof of concept: compaction formation (UCSD)

– Low binder content (10~15%, compared to ~25% in regular concrete)

– Adequate strength (>5,000 psi)

‣ Q4: Advanced binders (UCI)

– Ductility at least 10X to 100X

‣ Q8: Production of 500-lb prototypes (UCSD)

‣ Q10: Characterization of microstructure, mechanical properties & durability (UCI)

‣ T2M

– Market niche: precast parts (1/7 of the total construction materials market)

– Licensing vs. start up
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Results (I)
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Use a regular mixer to premix

• ~15% portland cement (compared to 

~25% in typical concrete)

• ~0.5% microfibers (compared to ~2% in 

typical UHPC)

• water, sand, gravels, etc.

The premixed material was compacted in 

a steel mold, up to 15 MPa (~2200 psi)

• The compressive force is applied by 

portable hydraulic jacks, commonly 

used in construction sites



Results (I)

After curing for 28 days, strong UDC samples (2x6’) are produced



Results (I)
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* 4 specimens were tested for each type of location;

* Reference concrete (no compaction, ~25% cement binder)

• Compressive strength: 6915 psi

• Flexural strength: 935 psi

* Toughness: more than 20x > reference concrete

Ave. Stdev. Goal Ave. Stdev. Goal

top 15057.85 532.29 top 2201.68 124.73

bottom 15169.52 337.94 bottom 2158.17 145.04

top 15053.49 770.15 top 2130.61 142.14

bottom 14429.83 369.85 bottom 2298.85 123.28

top 14609.68 337.94 top 2324.96 98.63

bottom 14605.33 684.58 bottom 2288.70 133.43
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Boundary Boundary
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Results (II) - UDC Ductility
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Results (II) – UDC Durability
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Challenges and Risks

‣ In the past, the high cost limits the use of advanced concrete materials

‣ In our R&D, we aim to develop low-cost, high-performance concrete by

– Greatly reducing the binder content 

– Simplifying the mixing/processing procedure

The goal is to keep the total cost below $65/ton

‣ Main risk: scalability (fiber mixing, compaction) → Solved

‣ Main risk: The best market niche



Potential Partnerships

‣We are seeking potential industrial and T2M partners 

– Licensing vs. start up

‣To  other teams: If you have a great binder, we may compact 
the material to

– Densify the microstructure and greatly improve the 
strength/ductility, or 

– Largely reduce the binder content, with the strength 
unchanged

10Insert Presentation NameOctober 22, 2021



Summary Slide

‣ Ultralow-binder-content durable concrete (UDC)

– Compaction: a very low binder content (10~15%) → simple premixing, low materials 

cost, green (low carbon emission), less demanding for class F fly ash (if geopolymer 

binder), highly densified microstructure, high strength, high ductility 

– Chemistry and micromechanics tailoring: ultrahigh ductility and durability

‣ Our team

– Yu Qiao, UCSD (inventor of the compaction formation technique)

– Mo Li, UCI (advanced binders, UDC ductility tailoring)

– Yeshaya Koblick (T2M)

‣ Project goal

– Prove the concept (500-lb samples)

– Prove the cost efficiency (<$65/ton, including labor, equipment, waste)

11Insert Presentation NameOctober 22, 2021


